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Abstract 
The impact of humidity on PIM1 membrane performance, i.e. CO2 permeability and CO2/N2 selectivity, is investigated in this 
study. While most novel materials are tested in dry conditions, flue gas contains a significant amount of water that could affect 
dramatically the membranes and the productivity of the separation process. In this work, mixed gas permeability was measured 
by a flow method measurement with humidity and CO2 sensor.  Three different concentrations of CO2 are studied, pure CO2, and 
mixtures close to coal-fired and gas-fired power plants. Increasing water activity in the feed stream induces a decrease in the 
permeability of both CO2 and N2. This behavior is related to the competitive sorption between water and CO2, and to the 
formation of water clusters which hindered the transport of others gas species. The same behavior is observed also for aged 
membranes. 
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1. Introduction 
Atmospheric temperature increase during last years has been associated to the growing levels of greenhouse 
gases (GHG) emission that can be also related to the worldwide demand of electricity. Unfortunately this trend is 
expected to continue during the next decades and CO2 is one of the main contributors to GHG emissions [1]. One 
way to reduce CO2 emissions to the atmosphere is carbon capture and storage (CCS). Several technologies have 
been proposed to capture CO2 from power plant emissions, including absorption, adsorption, cryogenic distillation, 
and membrane separation [2]. Traditionally, for post-combustion processes, packed columns have been used for 
absorption but this technique is energy consuming and suffers from various problems including flooding, foaming 
and/or solvent degradation. Membrane separation presents many advantages, like compactness, and easy integration 
in already installed facilities [3]. As the post-combustion flue gas is released at low pressure (lower than 1.5 bar), 
selective and highly permeable membranes are required [4] to have high efficiency in the separation process. 
Polymers of intrinsic microporosity (PIMs) are a very attractive new class of materials [5]. They present a high 
permeability retaining a high selectivity. PIM-1, i.e. “the first polymer with intrinsic microporosity” (Fig. 1) has a 
permeability of CO2 of 4500 Barrer with an ideal selectivity CO2/N2 of 25.  
   
Fig. 1: PIM-1 membrane and chemical structure. 
However, the ideal selectivity (measured in pure gas experiments) does not represent the separation performance 
in real plant conditions. Indeed, the flue gas contains numerous impurities (Table 1) which can impact the transport 
properties of the membrane. Water is one of the major components which can cause problems. 
Table 1: Typical post-combustion flue gas composition (coal power plant) [6]. 
The presence of humidity can cause competitive sorption and/or plasticization. Indeed, as the water has a very 
high critical temperature, it competes very strongly with others penetrants for adsorption sites in the “Langmuir” 
voids of the polymer. A decrease of solubility is thus observed. Moreover, if the polymer is hydrophobic, molecules 
Compound 
Flue gas composition 
(coal fired power plant) 
CO2 ~ 14% 
N2 ~ 71% 
H2O ~ 11% 
O2 ~ 4% 
NOx 150 – 300 ppmv 
SOx 50 – 100 ppmv 
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of water interact together preferentially, resulting in the formation of clusters [7-8]. Clustering can result either in an 
increase of the permeability due to swelling and free volume increase or in a decrease due to pore filling and 
blocking.  
Therefore, the effect of humidity can be critical and needs to be investigated in order to understand the 
permeation behavior of the membrane. This is essential for improving the design of carbon capture process based on 
membrane technology in order to scale up the process and deploy it at commercial scale. 
2. Experimental 
2.1. Materials 
PIM-1 was kindly provided by the University of Manchester, UK (group of Prof. Peter Budd). PIM-1 membranes 
are casted from a 2% wt. chloroform solution (VWR, UK). The membranes are dried firstly at room temperature for 
3 days and secondly in a vacuum oven at 80° C for 1 day. Then, the films are soaked in an ethanol solution for 2h to 
reverse prior film formation history [9]. After removal from ethanol, the films are dried in a vacuum oven at 120° C 
for two days. Flat membranes with thickness ranged from 60 to 80 µm are obtained. 
2.2. Mixed-gas permeation set-up 
The measurements of the gas permeability are made with a mixed gas permeation cell designed in our laboratory 
(Fig. 2), with the continuous flow method. 
        
Fig. 2: (a) Mixed-gas permeation set up (%RH=humidity sensor, [CO2]=CO2 sensor, PC = Pressure controller). (b) Membrane cell. 
A pure gas (CO2) or a gas mixture (CO2 + N2) is fed into the saturator vessel filled with water to generate the 
humid gas stream. The humidity content of the feed stream is controlled by adjusting the flow rates of the dry (FC1) 
and wet (FC2) mixture with a needle valve. The total pressure and the flow rate of the humid feed (FC3) and 
retentate (FC5) streams are controlled by the back pressure controller (Bronkhorst Company, Netherlands). The wet 
gas stream passes through the permeation cell, which is immersed in a water bath in order to maintain a constant 
temperature. The permeate stream (FC6) is collected using a helium sweep gas with a controlled flow rate 
(Bronkhorst Company, Netherlands, FC4). All the tubings are heated to 75° C with heater ropes in order to avoid 
any condensation in the rig. 
The relative humidity and the CO2 concentration of each stream are measured using respectively a humidity 
sensor (HIH4000, Honeywell, UK) and a CO2 sensor (Gas Sensing Solution Cozir Company, UK). They are 
b 
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recorded until the system equilibrium is reached (typically 2-3 hours). The flow rates of the retentate, permeate and 
feed are determined using a bubble flow meter. 
A fresh membrane was used for each experimental run, i.e. for each vapor activity. A run consisted on firstly the 
measurement of the dry mixture, and secondly the wet mixture. Between two experiments, the rig is evacuated until 
the humidity sensor detects no water, approximatively 10 hours. 
2.3. Permeability evaluation 
The permeability of each gas species passing through the membrane was calculated by (1): 
ܲ݁ݎ݉ሺܩሻ ൌ ௘Ǥி௟௢௪ುǤ௑ಸ
ು
஺Ǥሺ௣ಸಷ ି௣ಸು ሻ    (1) 
Where e is the thickness of the membrane (cm), FlowP the permeate flow (cm3(STP)/min), XGP the molar fraction 
of the species G in the permeate stream, A the effective membrane area (cm2), pGF and pGP  the partial pressure of the 
species G in the feed and the permeate stream respectively  (cmHg). 
The molar fraction of CO2 is measured by the CO2 sensor. 
At equilibrium conditions, the molar fraction of water is expressed by (2): 
ܺுమை ൌ
௣ಹమೀ
௣೅೚೟ ൌ
ோு
ଵ଴଴ כ
௣ೄೌ೟
௣೅೚೟  (2) 
Where pH2O is the water vapor partial pressure, pTot is the total pressure of the stream, psat is the saturation 
pressure at the stream temperature and pressure, and RH is the relative humidity measured by the humidity sensor. 
The selectivity between two gases i, j is the ratio of the 2 permeabilities.  
In order to facilitate the comparison between each membrane, gas permeability is normalized for the study. The 
normalized permeability corresponds to the permeability in wet conditions divided by the permeability in dry 
conditions. 
  
3. Results 
3.1. Dry experiments 
The permeabilities of CO2 and N2 for three different CO2 concentrations in the feed are measured in dry 
conditions. The results are summed up in the Table 2. 
Table 2: CO2 permeability for PIM-1 with dry mixtures. (*): Obtained by Constant Volume Variable Pressure method. 
Pfeed=1.25 bar 
Tcell=30°C 
Pure Gas* 
(CO2, N2) 
15% CO2 – 85% N2
Coal power plant 
9% CO2 – 91% N2
Gas power plant 
PermCO2
[Barrer] (+/- 3%) 
7010 7500 7200 
PermN2
[Barrer] (+/- 5%) 
369 395 390 
Selectivity CO2/ N2 19* 19 18.5 
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The 15% and 9% concentration of CO2 can be roughly correlated to the concentrations of flue gas respectively 
from a coal-fired power plant and a gas-fired power plant. 
The PIM1 membrane exhibits a high CO2 permeability and selectivity, which is consistent with the literature. 
This high permeability is explained by the microporous character of the material and by the presence of polar groups 
[5]. Actually, the cyano groups strengthen intermolecular interactions and encourage CO2 sorption. 
No large variation of the permeability is observed with the CO2 concentration, which indicates that no 
plasticization occur at this low pressure. The observed variations are in the range of the error of measurement. Du et 
al. [10] noticed also that PIM1s did not appear to suffer serious plasticization. 
3.2. Wet experiments 
3.2.1. Pure CO2
Fig. 3 summarizes the variation of normalized CO2 permeability in wet conditions.  A decrease in CO2
permeability is observed as the feed relative humidity content increases, which suggests that the presence of water in 
the feed declines the performances of the membrane.  
Fig. 3: Variation of the CO2 permeability in humidified pure CO2 feed versus the feed relative humidity of PIM1. (Pfeed=1.25 bar, Tcell=30° C). 
PermCO2 = permeability of CO2 in wet conditions; PermCO20= initial permeability of CO2 in dry conditions 
This behavior can be related to a competing sorption process of water. The polar groups, cyano moieties, interact 
strongly with water, and so they are less accessible to CO2. Moreover, as PIM1 is highly hydrophobic, water 
clustering occurs inside the membrane hindering the transport of CO2. 
3.2.2. Mixed gases 
Two wet mixtures with N2 were also tested. The changes in the permeability of CO2 and N2 under wet conditions 
are plotted respectively on the Fig.4a and the Fig.4b.  
The decrease of the CO2 permeability is similar for the three CO2 concentrations. As in the dry condition, no 
plasticization phenomenon occurs.  
A decrease in nitrogen permeability is also observed with increasing relative humidity in the feed stream. 
However, water has a lower influence on nitrogen.   The decrease of the N2 permeability is only due to the presence 
of water clusters inside the membrane, while no competitive sorption effect has to be also taken in account.  For 
rigid glassy polymers, competitive sorption of water has a greater impact on CO2 permeation than on non-
condensable gases [11]. 
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Fig.4: Variation of the CO2 and N2 permeability in humidified CO2-N2 feed versus the feed relative humidity ((a) and (b) respectively) of PIM1. 
(Pfeed=1.25 bar, Tcell=30° C). PermGas = permeability in wet conditions; PermGas0= initial permeability in dry conditions 
Budd et al. [9] noticed also a decrease of gas permeabilities for a PIM-1 sample that contacted stream of water 
and this behavior is related to the strong interactions between water and the polar cyano groups in the polymer.  
Fig.5: Variation of the CO2/N2 selectivity in humidified CO2-N2 feed versus the feed relative humidity of PIM1. (Pfeed=1.25 bar, Tcell=30° C).  
α = selectivity in wet conditions; α 0= initial selectivity in dry conditions 
As the Fig. 5 shows, the selectivity of CO2 under N2 decreases in wet conditions, due to the dramatic decrease of 
CO2 permeability and the light change for N2. 
3.3. Ageing effects 
As PIM1 is a glassy polymer, it is very sensitive to the physical aging due to the loss of fraction of free volume 
[9]. Fig. 6 shows that after 20 days the CO2 permeability decreased up to 50% even in dry conditions. 
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Fig.6:  Time dependence of CO2 permeability of PIM1. (Pure CO2, Pfeed=1.25 bar, Tcell=25°C) 
In Fig. 7, the variation of the permeability for a fresh and aged sample exposed to 40% of RH is showed. We 
have plotted the normalized permeability which corresponds to the permeability of the membrane at the time t (t=0 
for fresh one, and t=20 days for the aged one) in the wet conditions divided by the permeability of the membrane at 
the time t in the dry conditions.   
Fig.7: Variation of the CO2 and N2 permeability in humidified CO2-N2 feed of fresh and aged PIM1. (Pfeed=1.25 bar, Tcell=30° C, 
RHfeed=41%). PermGas = permeability in wet conditions; PermGas0= initial permeability in dry conditions. 
CO2 and N2 permeabilities decrease in the same range for the fresh and the aged sample. 
4. Conclusion 
In this work, we focused on understanding the impact of humidity on the PIM-1 membrane efficiency, i.e. its CO2
permeability and its CO2/N2 selectivity. The measurements of the gas permeability are made with a mixed gas 
permeation cell by using the continuous flow method. The change in CO2 and N2 permeabilities in wet conditions 
underlined the water vapor induced clustering and competitive sorption effects. The CO2 and N2 permeabilities 
decreased up to respectively 25% and 15% with 50% of humidity relative in the feed.  The polar groups in the 
membrane are partly occupied with water molecules and therefore they are not accessible for CO2 molecules. 
Moreover, the formation of water clusters hindered the transport of CO2 and N2 molecules inside the membrane.  
No plasticization effect of CO2 was observed in dry and wet conditions. 
References 
1 – Davison, J (2007) Energy, 32, pp1163-1176. 
2 – Allam, R.J., et al. (2003), in Carbon Dioxide Recovery and Utilization (ed M. Aresta), Kluwer, Dordrecht, pp55-
118. 
Ϭ
ϮϬϬϬ
ϰϬϬϬ
ϲϬϬϬ
ϴϬϬϬ
Ϭ ϱ ϭϬ ϭϱ ϮϬ Ϯϱ
K
Ϯ
ƉĞ
ƌŵ
ĞĂ
ďŝ
ůŝƚ
Ǉ
΀
Ăƌ
ƌĞ
ƌ΁
dŝŵĞ
΀ĂǇ΁
Ϭ͘ϱ
Ϭ͘ϲ
Ϭ͘ϳ
Ϭ͘ϴ
Ϭ͘ϵ
ϭ
KϮ EϮ
WĞ
ƌŵ
'Ă
Ɛͬ
WĞ
ƌŵ
'Ă
ƐϬ
&ƌĞƐŚƐĂŵƉůĞ
ŐĞĚƐĂŵƉůĞ
;ϰϬĚĂǇƐͿ
 Elsa Lasseuguette et al. /  Energy Procedia  63 ( 2014 )  194 – 201 201
3 - Ho, M.T., et al. (2008), Industrial & Engineering Chemistry Research, 47, pp1562–1568. 
4 – Han, S.H., and Lee, Y.M. (2011), in Membrane Engineering for the Treatment of Gases Vol.1, (ed E. Drioli and 
G. Barbieri), Royal Society of Chemistry, pp84-124.
5 – Budd, P.D., et al. (2005), Journal of Membrane Science, 251, pp263-269. 
6 – Favre, E. (2011) Chemical Engineering Journal, 171, pp782-793. 
7 – Azher, H., et al. (2014), Journal of Membrane Science, 459, pp104-113. 
8 – Chen, G.Q., et al. (2011), Journal of Membrane Science, 379, pp479-487. 
9 – Budd, P.D., et al. (2008), Journal of Membrane Science, 325, pp851-860. 
10 –  Du, N., et al. (2012) Macromolecules, 45, pp5134-5139. 
11 – Low, B.T., et al. (2013), Journal of Membrane Science, 431, pp139-155. 
